Introduction
The fungal m etabolite m evinolin, isolated from the ascom ycete A sp e rg illu s terre u s [1] has proved to be a potent hypocholesterolem ic agent in rats and dogs [1] and in rabbits [2] as well as in m en [3, 4] , T his effect, like th a t o f structurally related entities ( Fig. 1 ) isolated from different strains o f ascomycetes such as com pactin [5] or M L-236 B [6 ] , M L-236 A and C [6 ] , dihydrom evinolin [7] and dihydrocom pactin [8 ] , is caused by a highly specific in h ib i tion o f m am m alian 3-hydroxy-3-m ethylglutaryl co enzyme A reductase [1, 9 -1 5 ] . M evinolin proved to be the m ost effective inhibitor. C om pactin has been extensively used as a pow erful research tool in studies on the regulation o f m am m alian isoprenoid research. T here have been a num ber o f recent re views on the role of H M G -C oA reductase in the biosynthesis o f MVA and its products in anim al tissue [30 -36] w hich should be consulted to orient the read er to the large am o u n t o f w ork done on reg u lation and characterization o f this enzyme. H M G -C oA reductase is also considered to be a keyregulating enzyme o f isoprenoid biosynthesis in plants [31, 3 7 -4 6 ] as well as in fungi [70] . T h ere fore, it becam e interesting to establish the in h i bitory potency o f m evinolin on yeast [47, 48] and p lan t H M G -C oA reductase preparations [47, 49] , Besides such in vitro properties, m evinolin was proved to be a specific in vivo inhibitor o f p lan t root elongation growth o f seedlings [4 7 -5 0 ] and m ight be reg arded as a new type o f herbicide.
In this publication, we present m ore detailed data ab o u t th e in vitro inhibition kinetics o f m evinolin on partially purified yeast and m icrosom al radish H M G -C oA reductase.
Methods

Conversion o f mevinolin in its Na-salt
M evinolin was converted to the w ater-soluble N asalt [1, 13, 14] as described by K ita et al. [27] , and stored in aliquots o f 4 mg per ml at -20 °C . F o r the in vitro inh ib itio n studies, aliquots o f m evinolin solution w ere thaw ed to 0°C and subsequently d ilu ted w ith ice-cold w ater im m ediately before use to yield the app ro p riate concentrations.
Isolation o f membrane pellets from etiolated radish seedlings
F o r the isolation o f m icrosom al m em branes, 4 day old seedlings including roots were harvested in dim green light and hom ogenized by the aid o f a W aring Blender (3 strokes ä 5 s) in an ice-cold bu ffer system ( 2 m l/g fresh weight) containing 0 . 2 m K -phosphate pH 7.5, 0.35 M sorbitol, 0.01 m N a-ED TA , 0.005 M M gC l2 , 0.02 m 2-m ercaptoethanol (added freshly), and insoluble polyvinylpyrrolidone (PVP, 5 g/100 ml, added to the buffer 30 m in before use). T he hom ogenate was filtered through four layers o f cheese cloth. Cell debris, nuclei, and PVPparticles were revom ed by a short centrifugation step at 1 2 0 0 x 0 , for 4 to 5 m in. T he sup ern atan t was centrifuged at 16 0 0 0 x g (40 m in) to yield the 16 0 0 0 x 0 pellet, follow ed by a further cen trifuga tion at 105 000 x g (60 m in). M em b ran e pellets w ere resuspended in the b u ffer m en tio n ed above and an excess am o u n t o f D T E was ad d e d (final con cen tra tion ^ 50 mM) to stabilize th e H M G -C oA reductase activity [31, 45] . All these steps w ere perfo rm ed at 0 -4 °C u nder d im green safety light. M em b ran e suspensions w ere k ep t in ice for use the sam e day or frozen and stored at -20 °C w ith a loss o f activity o f ab o u t 2 0 -4 0 % p er m onth.
Radioactive assay and estimation o f HMG-CoA reductase activity
T he system for th e assay o f m icrosom al H M GCoA reductase activity was according to th a t d e scribed elsew here [31, 45] Including w ater or in h ib ito r and 1 0 0 pi m e m b ran e suspension (up to 0 . 6 mg p ro tein ), th e final volum e in the reagent vials was 0.605 ml. Because o f th e com plicated experim ental design req u ired fo r th e estim ation o f in h ib itio n p attern s by m evinolin, it was necesssary to m odify the assay technique. T he enzym e was p ipetted into reag en t vials stored on ice containing the com plete co facto r-su b strate system. T h e reac tion was then started by in cu b atin g the sam ples at 37 °C in a te m p eratu re -reg u late d w ater b ath (20 to 30 m in). T he reactio n was te rm in ate d by the a d d i tion o f 100 pi 25% HC1 and 250,000 d pm [5 -3H] m evalonic acid (0 . 8 m g in 2 0 0 pi m ethanol) was ad d ed as an internal stan d ard . T h e sam ples w ere allow ed to lactonize for an ad d itio n al 30 m in p eriod, then, w ith o u t cen trifu g atio n o f the denatu rated protein, su p p lied w ith anhydrous sodium sulphate (4 g each) as suggested by H u b er et al. [51] and stored for at least 24 h. T he rad io lab eled m eva-lonolactone was extracted by anhydrous diethylether (1x5 ml, 2 x 2.5 m l), each step after a short cen tri fugation. T he com bined extracts w ere ev aporated to dryness and resuspended in 0.5 ml w ater. A liquots o f 0.4 ml were loaded on p asteu r pipettes filled w ith anion exchange resin (D ow ex A G 1 x 8 , C l-, 100 -200 mesh, 1.4 m e q /m l resin bed), bedvolum e 2.5 ml, and eluted w ith w ater to give a volum e o f 5 ml [51] collected in scintillation vials. T en ml o f U nisolve 100 as a scintillation cocktail was added. A fter vigorous shaking and a d ark period o f at least 60 min, the sam ples w ere assayed for radioactivity (Packard 2425, separate channels for 3H -and 14C , w ith no spillover o f 3H into the l4C channel). R e coveries were estim ated by use o f quench curve coefficients (A ES-ratio m eth o d ) and calculated by the aid o f com puter program s as described in detail elsewhere [31] . W hen the radioisotope dilu tio n m ethod m entioned above was em ployed, kinetic param eters were estim ated by m odified LineweaverBurk plots as suggested by Lee and W ilson [52] and G lick et al. [53] w ith refinem ents o f Bach [31] who used the follow ing equation:
The term in brackets yields a correction factor for the transition o f I/Sq into IAS. 5 is the average sub strate concentration used by the enzym e durin g the incubation period, w here S 0 is continuously d im in ished (for details see ref. [31] ).
Isolation and optical assay o f yeast HMG-CoA reductase
Yeast H M G -C oA reductase was p urified throug h the Z n-acetate p recip itatio n step according to K irtley and R udney [54] w ith som e m o difications as d e scribed elsew here [31] . T he optical assay system for yeast H M G -C oA reductase was based on th a t d e scribed by R etey et al. [55] 
Protein determination
Protein content was d eterm ined by m eans o f a m odified Lowry procedure [56] after sodium deoxycholate solubilization and p recip itatio n w ith tri chloracetic acid to avoid any interference in th e assay with com pounds such as D TE, sorbitol or p ig ments, with bovine serum alb u m in e as a stan d ard (for details, see ref. [31] ).
R esults and D iscussion
T he prim ary d o uble reciprocal plot (Fig. 2 a) \ / v versus 1 /5 clearly dem onstrates the com petitive type o f inhibition by m evinolin o f p lan t H M G -C oA re ductase. The secondary plot (Fig. 2 b) o f slopes versus in h ib ito r concentration yields a value for K x o f 2.2 nM. T his highly specific in h ib itio n is co m p ar able to that o b tain ed w ith m am m alian tissue or yeast cells as an enzym e source (T able I).
T here is som e evidence th at m icrosom al H M GCoA reductase o f radish seedlings exhibits a type o f sigm oidal kinetics versus N A D P H cosubstrate co n centration at nonsaturating H M G -C oA co n cen tra tions [31, 45] , T his type o f kinetics can also be o b served at higher initial concentrations o f H M GCoA (unpublished results). T herefore, it is a su r prising result ( (Table I) reveals that enzym e from anim al tissue or from hum an Fibroblasts -mostly in solubilized or p a r tially purified prep aratio n s -is to some extent (Fig. 4) . T h erefo re, it m ight be interesting to co m p are the in h ib itio n o f yeast or anim al H M G -C oA red u ctase by m evinolin w ith th at caused by citrinin, a fungal m etab o lite th a t has been show n to be a p o ten t in h ib ito r o f sterol b io synthesis in both rat liver and yeast enzym e systems [58] , also w ith the liver enzym e p rep a ra tio n being m ore sensitive to th e in h ib ito r as co m p ared to the yeast enzym e system ( / 5O= 0 . 5 m M and 2.4 mM, re spectively). O f th e enzym es involved in cholesterol biosynthesis from acetyl-C oA , acetoacetyl-C oA thiolase (EC 2.3.1.9) and H M G -C oA reductase w ere in hibited [58] , T he in h ib itio n p attern by citrinin o f solubilized rat liver H M G -C A reductase th a t was in hibited to the sam e degree as the m em branebound enzym e, was o f a m ixed type w ith respect to H M G -C oA , and n o n -co m p etitiv e tow ards N A D P H [59] . D ixon-plots, how ever, curved upw ards, sug gesting th at the in h ib itio n by citrin in m ight be eith er coop erativ e or tim e-d ep en d en t [59] . T hese authors concluded from th e ir results th a t the tim edep en d en t and irrev ersib le in h ib itio n o f rat liver H M G -C oA red u ctase upon p rein cu b atio n w ith citrinin is d ue to th e b in d in g o f the in h ib ito r to a site distinct from th e active cen ter o f the enzym e m olecule [59] . It is also know n from the early studies o f K irtley and R udney [54] th a t yeast H M GCoA reductase is progressively inactivated by so lu tions o f CoASH and even H M G -C oA , b u t C oA SH acts also as an activator for the reduction o f m evaldate to m evalonate [55, 60] . T his in h ib itio n by free CoASH o f the overall reaction was confirm ed to be tim e-dependent and to be not reversed by the ad dition o f an excess am o u n t o f substrate [61] . T h e enzym e's response was ra th e r specific to CoA SH , because som e derivatives o f it w ere m uch less effective [61] , M ore recently it was d em o n strated by G ilbert and Stew art [62] th a t the tim e-d ep e n d en t inactivation o f H M G -C oA reductase from yeast by CoASH or H M G -C oA is d ue to the rap id reaction o f the enzym e w ith CoA d isulfide as the o xidatio n product o f CoASH present at trace levels in solu tions o f both the com pounds. A th io l-d isu lfid e ex change reaction w ith a sulfhydryl g ro u p o f the enzyme leading to a m ixed disulfide was regarded to account for the enzym e in h ib itio n [62] . In con trast to this, an artificial analogue o f H M G -C o A (3R,S)-3-hydroxy-3-m ethyl-4-carboxybutyl-CoA was proved to be a specific in h ib ito r o f p artially p u rified rat liver H M G -C oA reductase w ith a clear com petitive in hibition p attern tow ards H M G -C oA and a non-com petitive p attern tow ards N A D P H [63] . Interestingly, the th io e th e r analogue o f acetoacetyl-CoA , S-(3-oxobutyl)-C oA , th at interacts w ith acetoacetyl CoA utilizing enzymes [64] was used as a substrate by avian liver H M G -C oA synthetase to synthesize S-(4-carboxy-3-hydroxy-isoam yl)-C oA , identical w ith one en an tio m er o f the co m p o u n d m entioned above.
M icrosom al H M G -C oA reductase from etio lated radish seedlings is also in h ib ited by CoA SH [31, 57, 65] w ith a m ixed-type in h ib itio n p attern [31] . A high concentration o f D T E is needed for m axim al enzyme activity in the organelle fraction (P 16 000 xg) as well as in the m icrosom al fraction (P 105 0 0 0 xg).
T he ad d itio n o f a th io l-g ro u p specific reagent such as D T N B resulted in a total loss o f enzym e activity [31, 57] , F u rth e rm o re , in the absence o f D T E as a th io l-g ro up p ro tecting com pound, the enzym e ac tivity decreased as a function o f tim e and of tem p eratu re [45] . It was possible to reactivate the H M G -C oA reductase activity, especially in the organelle fraction (P 16 0 0 0 x0 ), upon ad d itio n o f excess am ounts o f D T E in a tim e and tem perature dep en d ent process [45] . T his led us to conclude that activ a tio n /d eac tiv a tio n o f plant H M G -C oA re ductase m ight be regu lated by direct red u c tio n /o x i dation o f the enzym e m olecules as a covalent m o d i fication process supposed for a series o f plant en zymes such as glucose-6 -pho sp h ate dehydrogenase [6 6 ], T he m ixed-type in h ib ito n p attern by CoASH o f m icrosom al H M G -C oA reductase from radish seedlings [31] can p erh a p s be explained by assum ing th at the C oA SH (or the CoA disulfide present in the solution) m ight not singularly bind to a single site o f the enzym e m olecule.
A com parison o f the structures o f citrinin and o f m evinolin-type entities leads to the assum ption th at a bicyclic m olecule m oiety present in both com pounds m ight p rim a rily in terfere w ith the binding site(s) o f H M G -C oA reductase against CoA SH (or CoA disulfide). F o r an exact stereo draw ing o f a m evinolin-type com pou nd, dihydrom evinolin, see ref. [7] . W hereas th e in h ib itio n o f H M G -C oA re ductase by citrinin req u ires concentrations in the 10-4 M range [59] [67] , R ogers and R u d n ey [67] also observed an ap p a ren t irrev ersib ility o f the effect o f m evinolin or co m p actin on the im m unoin h ibition o f enzym e activity w hich indicates th at these com pounds m ay affect an ti-red u ctase IgG in a different m an n er th a n th e substrates m entioned above, perhaps th ro u g h a tig h t b in d in g also to o th er regions o f the H M G -C oA reductase m olecule, in ducing a change in enzym e co n fo rm atio n and caus ing a blockade o f antigenic sites. A lberts et al. [1] al ready described th at the in h ib itio n type by m evino lin o f rat liver H M G -C o A reductase slightly d e pends on the o rd er o f m ixing enzym e, substrates and in h ib ito r in th e test system. W e m ad e co m p ar able observations w hen we used p artially p u rified H M G -C oA reductase p rep a ra tio n s from yeast. Es pecially at low H M G -C oA concentrations, we could observe a tendency for an upw ard sh ap e o f the curves in the D ix o n -p lo t (Fig. 4) , possibly in d icat ing som e n o n -lin ear in activ atio n o f th e enzym e by m evinolin w hich req u ires fu rth e r investigations.
The p roduct in h ib itio n studies using m icrosom alb ound H M G -C oA reductase from rad ish seedlings w ith N A D PH as an in h ib ito r yielded up to a con centration o f 2 x 1 0 -4 m, an un co m p etitiv e p attern tow ards H M G -C oA ; at h ig h e r concentrations, how ever, one o f non co m p etitiv e type [31] , O th e r p ro d ucts, substrates or analogues such as m evalonic acid, 3,3-dim ethylglutaric acid or H M G -acid exh ib ited no clearly in h ib ito ry effect even at unphysiologically high concentrations. It was th erefo re con cluded th at besides th e redox state o f th e enzym e [45] , the N A D P /N A D P H ratio w ithin th e cell m ight also be responsible for th e reg u latio n state o f the plant enzym e activity [31] . T his could p ro b ab ly also explain the slight sigm oidity o f p lan t H M G -C o A re ductase activity as a function o f N A D P H co n cen tra tion. We cannot rule o ut th a t m icrosom al p re p a ra tions from etio lated p lan t tissue m ight also contain fu rth er enzym e(s) such as u b iq u ito u s th io red o x in (s) (cf ref. [6 8 ] and literatu re cited herein) w hich use N A D PH as a h y d rid e d o n ato r for th e red u ctio n o f disulfide bonds -possibly an inactive form of H M G -C oA reductase m olecules -and conse quently, convert o th e r enzym es into an active, re duced state. T hese aspects have to be fu rth e r in vestigated by the use o f solubilized and p urified H M G -C oA reductase from plant tissue.
Conclusion
T here is good reason to believe th at there are com m on properties o f H M G -C oA reductase m ole cules from w idely d ifferent sources (on an evolu tionary scale) w hich m ay reflect the existence o f reg ulatory systems for isoprenoid biosynthesis already present in early eukaryotic cells (cf ref. [30, 36] ). Therefore, we have extensively considered related experim ents w ith anim al tissue or yeast as an en zym e source. T hat the enzym e H M G -C oA reductase plays an im portant role in d eterm in in g the flux o f m evalonic acid throughout the b ranched isoprenoid pathw ay, is furtherm ore em phasized through the existence o f highly specific and n aturally produced antibiotics such as m evinolin (Fig. 1) w hich are directed ex clusively against this enzyme.
In addition, o u r d ata dem onstrating the in h ib itory potency o f m evinolin on plant grow th and on isoprenoid biosynthesis [48] is a piece o f evidence for the im portance o f a functioning b io sy n th etic pathw ay that directs th e H M G -C oA to MVA to IPP and to all various isoprenoid co m p o u n d s d ep en d in g upon the needs o f the plant cells for these m aterials. The regulation at this p articu la r step m ig h t be thought o f as a coarse-control, not ruling o u t th a t o th er steps in differen t branches o f th e p ath w ay m ight be tuned for finer control d ep en d in g on developm ental stages and cell d ifferen tiatio n . M ev i nolin prom ises to serve as a pow erful tool to elu ci date the regulation o f this m u ltib ran ch ed p ath w ay in plants that is considered to be ex tra o rd in arily complex.
